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FINAL REPORT NAGW-724 
by R. H. Holzworth 
University of Washington 
Seattle, WA 98195 
This grant partially supported the data analysis from a series of superpressure balloon payloads flown in 
1983 and 1984. This "final report" is actually a report of research in progress because the grant has been contin- 
ued but under a different grant number NAG5-635. The grant number and technical monitor were switched 
(from NASA Headqriarters to NASA Goddard) for the convenience of NASA and NOT due to any request by 
the investigator. Nevertheless, the following report is provided to fulEll any legal requirements. 
I. INTRODUCTION 
In this experiment a comprehensive set of electrical parameters were measured during eight long-duration 
flights in the southcrn hemisphere stratosphcre. These flights resulted in the largest vector electric field data set 
ever collected from the stratosphere which has been a treasure-trove of new phenomena. Since the stratosphere 
has never been electrodynamically sampled in this systematic manner before, it is perhaps not surprising that 
several new discoveries have been made and reported. These include the discovery of short tern variability in 
the planetary scale electric current system, the unexpected observation of stratospheric conductivity variations 
over thunderstorms and the observation of direct stratospheric conductivity variations following a relatively 
small solar flare (Brightness 1 Normal). Furthermore, we have conducted major statistical studies of the large 
scale current systems, the stratospheric conductivity and the neutral gravity waves (from pressure and tempera- 
ture data) using the entire data set. 
Much of this data analysis so far has focused on the lower atmospheric current generators (thunderstorm 
and global circuit problems) only because an initial look at the data indicated that obvious new (or unstudied) 
phenomena were seen. Also, the time period of these flights was near solar minimum and included very litlle in 
the way of major magnetospheric or solar activity (only two ring current - i.e. Ds! - euenk m! m e  sma!! m!zi 
flare). We have now begun a systematic analysis of the vector electric field and in particular the horizontal 
component which derives from ionospheric phenomena or from local atmospheric phenomena. The primary 
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thrust of the ongoing research is to obtain a better understanding of mid-latitude electrodynamical phenomena 
which perturb the horizontal electric field and current systems. In addition to the direct elcctric ficld meas- 
urements, we also have on-board measurements of magnetospheric Hiss (at 4.5 IrHz). VLF electric field filters 
and vector magnetic field (for overhead current systems). As reported by Holzworth et al, (1983) the fair 
weather horizontal electric field appears to be of larger magnitude and to have a diurnal variation inconsistent 
with its source being the ionospheric dynamo. 
II. SCIENTIFIC PROGRESS 
The last balloon flight terminated in April 1984, and the earlier grants supported the initial data reduction 
of the satellite data (received by the French ARGOS platrorm on the Tiros satellites) into a format which could 
easily be used for scientific analysis. This data reduction was done jointly by NCAR, and the University of 
Washington. To summarize the past analysis record: we have had five papers accepted with a sixth just submit- 
ted and have presented eleven (including three invited) papers. The project actually started by NASA sending 
their half of the support to NSF so the University of Washington has only to deal with one grants officer. 
Therefore, the early papers acknowledge only the NSF grant number ATM82-12283. The NASA grant NAGW- 
724 is specifically acknowledged in the latest three papers which are included in the appendix. 
The original proposal stated that we would look particularly at several specific questions including the 
cause of variations of the large scale (or global) current systems, investigation of the atmospheric-ionospheric- 
magnetospheric electrical coupling, and studies of various major events such as solar flares and magnetic storms. 
The subjects of the papers directly reflect on these research areas. In particular, it is interesting to note that 
analysis has proven the usefulness of the long duration balloon technique for solar-terrestrial coupling studies. 
Unlike all previous such experiments on zero-pressure balloons, we were up and flying prior to, during and fol- 
lowing a solar.flare (16 Feb 1984 with ground level cosmic ray and polar cap absorption events) as well as two 
world wide magnetic storms. The only previous vector stratospheric electric field data during a solar flare were 
r\b~ine(! (!arr!g !!!e giant Aiipsi 4, 1972 soiar tlare which has often been discounted as a qualified representa- 
tive of normal solar-terrestrial coupling. Therefore, it is probably fair to say that, in spite of the low solar 
I I 
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activity, the data set is everything (and more) than we could have hoped for. Similarly, the publications and 
presentations are stirring up a lot of controversy because the new views of global current systems offered by 
these data are unconventional. 
A. Important Results 
This section will present a sample of the EMA data analysis results. 
1. Global Circuit Variability 
One of the first results to be presented from the data set was the discovery of short term variability of the 
global circuit. hior to these flights, all the constant altitude simultaneous data were from flights lasting less 
than 24 hours (c.f. Markson, 1976). The short term variability is seen in our data by comparing the vertical 
electric field and conductivity data from multiple simultaneous balloon payloads as reported by Holzworth et al, 
1984. By employing two balloons simultaneously one can eliminate to a large extent the small spatial scale 
variations. This spatial averaging allows high time resolution of the large scale fields. These vertical electric 
field data from two or more simultaneous payloads have been combined to study the planetary scale variability 
of the global circuit. Figure 1 shows a preliminary “geo-electric” index based on EMA balloon data for which 
the average daily variability (similar to the Carnegie Curve) has been removed in order to study the short term 
variability . 
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Figure 1: A preliminary Geo-Electric Index based on three 
hour averages of vertical current density from widely 
separated balloons. The Daily average variation has been 
removed. (From Nomille and IIolzworth, 1980 
2. Global Stratospheric Conductivity Measurements 
In order to determine the large scale current density variability (as in figure 1) it  has been necessary 
to analyze all the stratospheric conductivity data to determine the natural variability with geography. 
Figure 2 shows the four day segments from two different flights showing the basic nature of the conduc- 
tivity to be slowly varying as the balloons move in latitude and longitude. Also, the absolute values of 
the positive and negative conductivity can be quite different depending on atmospheric aerosol levels (such 
as due to the extensive volcanism in 1983). It 'w the case for all the data from all the EMA balloons that 
the positive polar conductivity is slightly larger than the negative conductivity and in Some cases caa be 
more than a factor of two larger (see left panel below). 
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Figure 2. Positive and Negative Polar conductivity from two 
EMA flights. (From Norrille and IIolrworth, 1986) 
The conductivity data from several flights have been plotted against balloon latitude in order to ver- 
ify the expected latitudinal (A) increase toward the poles. Figure 3 shows data from the two separate 
EMA flight programs (1983 and 'lb84) fit to a curve of the form A + B sin'(X). While this pattern had 
been known before, it  is interesting to note that the vertical electric field did not show this pattern (or its 
inverse) but rather is net o s?:ong tmci ion oi iaiicude. Therefore the current density is seen to increase 
toward the poles. 
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Figure 3. Conductivity versus Invariant Latitude for the 
two EMA flight sequences. 
3. Conductivity variations following a solar flare and over thunderstorm 
A good understanding of the atmospheric conductivity is one of the keys to understanding global 
electrodynamics. We have found that the conductivity in the stratosphere is variable both during extra- 
terrestrial events such as small flares and can also be perturbed by thunderstorms even up to 26 km alti- 
tudes. Neither of these two types of perturbations has been directly-measured previously nor are the per- 
turbations included in any theoretical studies on the global circuit (c.f. Hays and Roble, 1979, Ogawa, 
1985, Makino and Ogawa, 1985). 
Figure 4 presents the conductivity, vertical electric field and vertical current density for a few hours 
on February 16, 1984 following a . I  solar flare. The flare resulted in a ground level cosmic ray event seen 
around the world at this time. This is the first time such short term direct conductivity variations in the 
stratosphere have been measured during a solar flare. 
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Figure 4: Total  Conductivity, Vertical Electric Field and 
Vertical Current  Density variations in the s t ra tmphere following a 
solar flare of optical importance "IN". 
All theoretical models of the global circuit current flow use a fair weather conductivity profile to 
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connect thunderstorms with the  ionosphere. The paper by Holzworth e t  al, 1986 describes factor of two 
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changes in conductivity over thunderstorms and  includes the r e s u b  of a statistical s tudy in which we 
found stratospheric conductivity increases in 87% of the most intense thunderstorms overflown by EMA 
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balloons. 
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4. Neutral Density Waves and Turbulence 
Each of the EMA payloads was equipped with pressure and air temperature sensors with sampling rates of 
40 seconds. These 40 second pressure and temperature data were only stored for 1 hour on-board the balloon 
payloads so the data set is not continuous, but comprised of typically 12 to 18 one hour blocks each day from 
each balloon. These data are being used in an extensive study of the atmospheric gravity waves and turbulence 
in the stratosphere. Fluctuations between about 2 minutes and (in some cases) up to 12 hours can be uniquely 
determined from these data. 
Suprerpressure balloons nominally float on a constant density surface (Lally. 1975) and therefore act as a 
Lagrangian point measurement of the neutral density wave/turbulence activity. Two types of oscillations are 
seen in our data: constant density variations in altitude and neutral buoyancy oscillations of the balloon itself. If 
the constant density surface (along with the balloon) moves up and down, the pressure and temperature should 
vary in phase (assuming an ideal gas equation of state). However, if the balloon moves along a vertical axis due 
to natural balloon buoyancy oscillations, the temperature and pressure will be out of phase. This is because at 
26 km altitude the temperature is an increasing function with altitude, but the pressure is exponentially decreas- 
ing with altitude. These neutral Neutral Buoyancy Oscillations (NBO) have a period which is somewhat depen- 
dent on amplitude (Le. not just simple harmonic motion) of about 2 to 4 minutes &ally, 1975, Massman, 1978). 
While these NBO's interfere with any natural gravity waves or atmospheric turbulence at these periodicities, the 
observation of them confirms that the sensors are functioning properly. Therefore, to begin with we have con- 
centrated on the long period gravity waves starting above the NBO period (Le. periods greater than 4 minutes). 
Figure 5 gives an example of the raw temperature and pressure data in which can be. seen both short period 
NBO variations (especially in the pressure sensor on this scale) and neuual density variations with periods of 8 
to 12 minutes in which the temperature and pressure vary in phase. Figure 6 shows the average power spectra 
from two EMA balloons for several days each. The raw spectra are averaged in frequency space from several 
one hour data blocks. Between 40 seconds and the NBO the spectrum follows a power law of about f".". This 
is much steeper than the -5/3 power law expected for some typcs of turbulence. It will be interesting to com- 
pare rhese observations to the MST radar and other studies of atmospheric gravity waves and turbulence because 
these Lagrangian point measurements are unique in their extensive time series and temporal resolution. 
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' Figure 5. Raw temperature and pressure d a t a  showing NBO and neutral  density fluctuations. 
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Figure 6. Sample of the average power spectra of the temperature and pressure for three days 
from one EMA payload. T h e  NBO's are clearly seen in the pressure d a t a  near a period of 4 
minutes. T h e  temperature sensors tend to have more noise at this period and d o  not show the 
NBO very clearly most of the time. 
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Introduction 
We might put the question slightly differ- 
ently: What scientific problems require 
knowledge of the global variability of lower 
atmospheric electric generators? In this pa- 
per, we present our view of the necessity of 
quantifying global electrical variability and 
discuss some potential uses of and available 
methods for producing a geoelectric index. 
During this last decade, we have observed 
an increasing interest in the field of atmo- 
spheric electricity. At  the 1985 AGU 
Fall Meeting in San Francisco, Calif., there 
were seven half-day sessions on various as- 
pects of atmospheric electricity-a great in- 
crease over past years (see the abstract listings 
for the Atmospheric Sciences and SPR: Mag- 
netospheric Physics sessions in Eos, November 
12, 1985, pp. 815-842 and 1028-1055). This 
area of interest covers thunderstorm electrifi- 
cation, lightning, and sferics, as well as light- 
ning-induced magnetospheric effects and so- 
lar-terrestrial electromagnetic coupling. For 
many aspects of these studies, it would be ad- 
vantageous to have a number that is a niea- 
sure of present global electrical activity, such 
as thunderstorm occurrence, nunibrr o f  
lightning events, or ionospheric electric po- 
tential relative to the earth [see also Marhoti 
and Muir, 1980). Furthermore. there are 
many other areas of research that would ben- 
efit from a geoelectric index, such as meteo- 
rology and atmospheric science. 
A geoelectric index should be similar in 
utility to other solar-terrestrial activity indica- 
tors, such as the well-known solar sunspot 
number or the various geomagnetic indices 
[see Rosfohcr, 19721. These numbers are rela- 
tively simple to derive from ground-based ob- 
servations on a routine basis. They are reli- 
able, reproducible from alternative data sets, 
and historically available for many decades. 
Although the solar sunspot number is not an 
optimum index of solar activity (the 10.7tm 
solar radio emission or the satellite-based UV 
observations are better), its simplicity and the 
length of the available data base outweigh its 
disadvantages. The  same is true for the geo- 
magnetic indices. Geomagnetic observatories 
exist all over the world. They continuously 
report data of the variable geomagnetic field, 
which (when appropriately sampled) gives a 
fair indication of the ceaselessly varying ion0 
spheric and magnetospheric electric current 
systems. 
The usefulness of these indices is beyond 
doubt, and the question may therefore be 
raised whether a geoelectric index might be 
of comparable value in the near or distant fu 
ture. Along this line, it is interesting to note 
that recent research has shown that the large 
scale return current!, of the global circuit are 
variable by factors of two from the mean dai- 
ly variation. Holzmrth el al. [ 1984) report that 
simultaneous balloon-borne electric field 
measurement3 from widely separated bal- 
loons (over 1000 kni) in the stratosphere of- 
ten have the same magnitude and the same 
temporal variation but nonetheless differ 
drastically from the “expected” Carnegie 
Curve (which represents the average univer- 
sal time variation of the surface electric field: 
about +20%/- 15% variability from the 
mean; compare Whippfe [ 1‘3291). Thus we 
now suspect that the global circuit is variable 
on a time scale of tens of minutes. 
Who Are the Potential Users 
of a Geoelectric Index? 
Before we evaluate the different possible 
methods for deriving a geoelectric index, we 
will first deal with the question o f  who might 
be interested in using such an index and why. 
We will limit ourselves to three general areas 
that would greatly benefit from a geoelectric 
index: atmospheric and space electrodynam- 
ics, atmospheric science, and meteorological 
forecasting. For each of these research areas, 
we will illustrate basic science problems that 
might not be solved without a quantitative 
measure of global electrical activity or the 
source distribution function. Within atmo- 
spheric and space electrodynamics, we will 
discuss outstanding scientific questions con- 
cerning the global circuit, solar-terrestrial 
coupling, lightning effects on the ionosphere 
and magnetosphere, and the possible identifi- 
cation of mesospheric electric field genera- 
tors. Atmospheric science examples will in- 
clude thunderstorm-generated or -transport- 
ed molecules, which play an important role in 
stratospheric chemistry and planetary wave 
forcing by thunderstorms. Under meteorolo- 
gy, we will discuss the need for better fog 
forecasting. 
Problems in Atmospheric and Space 
Electrodynamics 
The Cbbal Circuit 
Wikon’s [ 1920) hypothesis is that thunder- 
storms are the main generators of the global 
electric circuit, causing an electric potential 
between earth and the ionosphere of 
about-20-500 kV and electric current den- 
sity within the fair weather areas of a few pi- 
coamperes per square meter. Although it is 
widely accepted, this hypothesis has  no^ yet 
been proven beyond doubt [see Dok&R, 
1972). We know that a typical thunderstorm 
generates an upward dc electric current of 
the order of 1 A and that extrapolation from 
meteorological data suggesls that - 1000- 
2000 thunderstorms are active at any time. 
On the other hand, lightning currents are as- 
sumed to close (at least partly) the global cir- 
cuit between the ground and the storm 
clouds (Figure I). The existing data do not 
Ionosphere 
b) 
Fig. 1. Electronic circuit equivalent to 
global electric circuit [from VoNand, 19841. 
allow the determination of a quantitative rela- 
tionship between the various parts of the 
global electric circuit. A geoelectric index, 
along with an extensive short-term measure- 
ment program of electrical parameters by air- 
borne, balloon-borne, and satellite-borne de- 
tectors, will be necessary to quantitatively un- 
derstand the global circuit. 
Solar-Tmestrid Coupling Processes 
systems driven by global thunderstorms and 
by magnetospheric plasma phenomena coex- 
ist in the middle atmosphere and above. For 
instance, recent models of thunderstorm cur- 
rent systems [e.g., Tzur and Rob&, 19851 show 
that most of the return current from a thun- 
derstorm generator that penetrates the tropo- 
pause Rows globally through the ionosphere 
and along plasmaspheric magnetic field lines. 
Furthermore, the first experimental evidence 
of these thunderstorm dc current systems up  
to at least 70 km altitude (well above the clas- 
sic “electrosphere”: see Chalmrrs, [ 19671) has 
just been reported (Holzworth rt al., 19851. 
The opposite situation occurs for large-scale 
electric fields in the magnetosphere, which 
have long been known to drive current sys- 
tems down at least to the stratosphere [ M o m  
and Snlin, 1969). Furthermore, the typical 
temporal variability of a magnetospheric sub 
storm is of the same order as a large thun- 
derstorm (about I hour, say). For these rea- 
sons, we suggest that a quantitative estimate 
of the dynamical variability of the tropo- 
spheric source of electric phenomena (such as 
thunderstorms) is necessary before the im- 
poriancc of upward or dowiiwrid coiip:iiig of 
electrical phenomena can be clearly ad- 
dressed. For instance, identifying an effect of 
a 10% variation in the ionospheric potential 
caused by solar or magnetospheric phenome- 
na [Hrrmnn and GoLiberg, 1978) would be 
nearly impossible without knowledge of the 
natural variations of the ionospheric potential 
caused by global thunderstorms (or other tro- 
pospheric generators). 
It is now widely recognized that the current 
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Lightfling Effects on the 
lonospherelM~netosphere 
We have known for d e c d e s  [/felliwrll, 
19651 that lightning generates broad electro- 
niagnctic frequency spectra and that some of 
that wave energy propagates into the magne- 
tosphere. where i t  interacts wi th  ambient 
plasma particles. T h e  l igl i tning-generated 
whistler wave propagates a long density gradi- 
ents in the magnetosphere and can be ampli- 
fied by resonant wave-p.?rticle plasma interac- 
tions. T h e  process of ampl i fy ing this wave 
also results in p i tch angle scattering of 
t rapped radiation, which is then precipitated 
into the upper  atmosphere [Schulz and Lanzer- 
oft:. 19743. In this case the liglitning-generat- 
ed whistler wave acts on ly  as a test wave that 
results in the release of stored niagnetosplier- 
ic particle energy. However, it has been dis- 
covered recently that  the electric waveform 
from a lightning event can have a significant 
150 km alt i tude [ K c l l q  at al., l985l. Kelley et 
al. repor ted electric f ield ampli tudes over a n  
order  of magnt i tude larger than ambient 
mid-lat i tude ionospheric fields wi th  pulse 
t ime durations longer  than the local plasma 
relaxation t ime. Fur t l iermore.  the Kelley et 
ai. measurements suggest that t l ir electric 
transient contains a significant electric f ield 
component parallel to the magnetic field. 
Th is  could result in a significant energy input 
to the ionospliere through ohmic heating. or 
i t  might result in anomalous increase of resis- 
tivity through collective plasma processes. 
Thus. for the first time. we have evidence 
that thunderstorms can he a n  i inpor ta i i t  
source of free energy for ionospheric plasma 
processes. These ionospheric plasma ptie- 
nomena that are direct ly attributable to thun- 
derstorms and lightning niay t x  impor tant  in 
t l ie global ionospheric energy budget, espe- 
cially at mid- and low latitudes, biii we need 
an active rocket a n d  satellite program. cou- 
p led wi th  a geoelectric index, to help answer 
the many questions these new experi inei i tal  
measurements raise. 
Mesospheric Generators 
I n  the mid 1970s. fo l lowing a series of 
rocket flights, Tytfifi [ 19763 repor ted anonia- 
lously large values o f  the nieasured vertical 
electric f ield near 60 km altitude. Since that 
time, o ther  investigators [Ifole et al., 1981; 
Maynard rt nl., 1981 1 have also repor ted large 
electric fields up to several volts per  meter  in 
the mesosphere. T h e  possibility that these in- 
vestigators have discovered a new source of 
electric fields in the ear ths  env i ronment  i s  a n  
excit ing one. I t  cou ld  effect our understand- 
ing of the ent i re  area of solar-terrestrial elec- 
trical coupling. However, these observations 
have been questioned by other  rocket experi- 
menters [Bering et al., 1980; Kcllcy ct al., 
13831, who have pointed out the dif f iculty of 
making electric f ie ld  measurements in this al- 
i i i ude  region. T'ne inrerprerai ion of t i le T y u -  
tin et al. and subsequent measurements of 
volt per meter electric fields bctween 50 and 
80 k m  is d i l l icu l t  in view of several direct 
comparisons between ionospheric electric 
fields and those nieasured by balloons in the 
stratosphere [Kellry and Mom, 19751. Fur- 
thermore, the large body of ionospheric elec- 
t r ic  f ield data in fe r red  from upward  mapp ing  
of stratospheric bal loon-borne electric f ield 
measurements has accurately accounted for 
many ionospheric and niagrietospheric p l ie-  
' ampli tude in the ionosphere up to a t  least 
nomena, such as ionospheric convection pat- 
terns [Mom und Luchf, 1974) a n d  radial dif- 
fusion of radiat ion belt particles [Hulzwrth 
and Mom, 19790). 
mesospheric enerators exist and, i f so. to 
cal coupl ing ueaion. Again, as in t l ic  o ther  
cases, this w i i  b, difficult w i thout  some tem- 
pora l  index  showing the variability of the oth- 
e r  known sources, including the global elec- 
tr ic circuit  (using a geoelectric i i idex)  as well 
as more  tradit ional magnetic activity indica- 
tors to give an idea o f  the ionospheridinagne- 
tospheric temporal variability. These iiidices 
wi l l  be needed, along wi th  rocket, satellite, ra- 
dar, and bal loon programs, to diagnose the 
problem of mesospheric generators. 
Atmospheric Chemistry 
Stratospheric OIOm Cyck 
e r  atmospheric electrical circuit, thunder-  
storms are known to Ix a source of nitrous 
ox ide [ h : n c  et al.. 1981 1. T h e  importance of 
nitrous ox ide to the stratospheric ozone cycle 
is well known: NpO is a source of NO. which 
catalytically destroys ozone. I lowever, the 
global budget of N2O is still under  debate 
[see Bracsrur and Solomon, I 'SSl]. N20 is gen- 
erated by  biological and i i idustr ial processes, 
as well as by  l ightning a n d  cor-ona currents 
below thunderstorms. Whi le  it can h argued 
that sources that are not lightning related 
produce the  greater amount  [ I l i l l  et al., 
19841, thunderstorm updraf ts  may he the 
most effective transport mechanism for get- 
ting the N20 into the stratosphere. T h u n d e r -  
storms a n d  tall cumulus clouds may be two of 
the most impor tant  sources for water vapor 
in the stratosphere, since the largest ones 
penetrate well above the tropopause [Vonnr- 
gut, 19821. Of course, just gett ing a parcel o f  
air containing tropospheric constituents into 
the stratosphere is not sufficient to keep it 
there: that requires mix ing  stratospheric a i r  
wi th  the injected air. Again, however, thun- 
derstorms may play an impor tant  role, as 
may be in fe r red  by the increased turbulence 
in the stratosphere over thunderstorms [Lee, 
19771. 
Whi le  the need for a better understanding 
of stratospheric ozone dynamics a n d  secular 
variability is clear, i ts  potential importance to 
the global variability caused b y  t l iunderstorm- 
generated and -transported n i t rous oxides is 
not well understood. T h e  availability of a 
geoelectric index related to global thunder-  
storm activity wi l l  be requi red to assess this 
possibly very important source of N20. T h i s  
is also a n  impor tant  source o f  many other  im- 
portant molecules in  t l ie stratosphere, such as 
water vapor, whose source is also wi th in  the 
troposphere. 
Atmospheric Gravity Waves 
Eiirrgy i i r i i s i i  puccsscs 'beiwceri iilr iro- 
popause a n d  Stratosphere, as well as between 
high and low latitudes, a re  not well under-  
stood. I t  is known, however, that t l iunder-  
storms can generate gravity waves that may 
be impor tant  in these energy transfer pro- 
cesses [Stull, 1976: Rolachandran, 1980; Larsen 
et al., 19821. A geoelectric index der ived from 
some of the observations discussed below 
could give extensive in format ion on the in- 
tensity of global thunderstorms as a source 
for gravity waves. Some techniclues (e.g., 
W e  must  clear up the question of whether 
what extent t a ey alFect the large-scale electri- 
In addit ion to their importance to the low- 
Schumann resonances) wi l l  give source loca- 
tion in format ion as well. Space-based optical 
and in f ra red  measurements of c loud cover 
and c loud top temperature are of ten insuff i-  
cient to ident i fy  individual thunderstorms be- 
cause i i id iv idual  thunderstorms are usiial!y 
smaller than the satellite resolut ion grid size. 
Even i f  t l ie  National Aeronautics a n d  Space 
Administrat ion (NASA) plans for a satellite 
lightning mapper  ( H .  Christian. N A S N M a r -  
shall Space Fl ight Center, Huntsville, Ala.; 
private communication, 1985) are realized, 
we wi l l  s t i l l  not have global lightning coverage 
without three geostationary satellites. h fuch  
of the in format ion needed to quant i fy  this 
impor tant  source of gravity waves cou ld  be 
available from a ground-based system of niea- 
surements (as discussed below) o f  the type 
that are necessary for a geoelectric index. 
Meteorology: Fog Forecasting 
Earl ier this century, there was considerable 
optimism that atmospheric electrical measure- 
ments would be useful fo r  nieteorological 
forecasting [Chalmrrs, 19671. Af te r  all, the at- 
mospheric electric f ield was known to re- 
spond to a large nuniber  of meteorological 
effects, such as winds, storms, chemistry, a n d  
humidity. Unfortunately, it has not tu rned 
out that way so far  because sor t ing out the 
cause of each of these electric perturbations 
has proved nearly impossible. l l e r e  we wi l l  
give just  one example o f  l iow a geoelectric in- 
dex might he lp  fog forecasting. 
, Lower atmospheric conductivity is dominat- 
ed by  sinall ions that tend to be hydrated w i th  
weakly bound water rnolecriles. T h e  mobil i ty 
of these ions drops drastically as the ions at- 
tach to aerosols, thus reducing conductivity. 
Atmospheric coriductivity migh t  then be use- 
ful in forecasting fog format ion and dissipa- 
t ion [see Israel, 19731. This  has been studied 
most extensively by a group at the Naval  Re- 
search Laboratory (Washington, D.C.). who 
repor t  that by  using both atmospheric electric 
conductivity a n d  electric f ield measurements 
along wi th  a list of empir ical forecasting 
rules, one can forecast both the format ion 
and dissipation of fog to better than 80% 
t ime [Andrrson and Trcnf, 1966J for certain 
sites. Forecasting fog wi th  conductivi ty mea- 
surements alone was found to be unsuccessful 
in pol lu ted a i r  [ O f t r u a n p ,  19723. Neverthe- 
less, the great financial losses d u e  to fog clo- 
sures at a i rpor ts  are a strong argument  for 
renewed efforts to  improve fog forecasting. 
Long- term uncertainty about fog increases a i r  
transportat ion costs because airplanes must 
carry ext ra fue l  for alternate land ing  sites, 
but  the highest costs are incur red  while the 
a i rpor t  is closed while wait ing for fog to lift. 
T h u s  better short-term fog  dissipation fore- 
casts are perhaps even more  financially im- 
portant. 
As haze and fog  increase, result ing in de- 
creased conductivity, the electric f ield is also 
stand simply as a constant current  phenome- 
non if t l ie  global current  as well as the local 
columnar resistance remain relatively unaf-  
fected. i f  the cur ren t  density remains con- 
stant but the conductivi ty decreases, then 
Ohm's Law requires a n  increase in the elec- 
tric field. Therefore, to h e l p  separate varia- 
tions in global current  sources from the local 
fog effects, we need to know what the global 
circuit  is doing. Furthermore. use of any oth- 
er  atmospheric electrical in fo rmat ion  to help 
jiioiigly iiifliieiiced. Thk is easiest io under- 
.. . -.- 
predict other types of local or regional weath- 
er  and climate variations will also require sep- 
aration of global from local influences. 
Possible Methods for 
Deriving a Geoelectric Index 
We know how to make electric field, cur- 
rent density, and conductivity nieasurements 
in essentially any fair weather environment, 
from the earth’s surface to the solar wind. 
We also know how to make remote sensing 
measurements that are related to thunder- 
storms and lightning. again from both 
ground-based and space-based platforms. 
The  direct in situ electrical measureiiients are 
the only ones that are ditect measures of the 
current flowing in the global circuit. On the 
other hand, at any single measuring site it is 
di0icult to separate local variations from 
global ones without multiple reniote loca- 
tions. Therefore, in addition to reviewing 
how we might construct a geoelectric index 
from in situ electrical nieasuremrnts, we will 
also investigate the pos5ibility ot using other 
measurements related t o  reniote sensing of 
thunderstorms dr  lightning. 
In Situ Electrical Measurement 
Techniques 
We can measure the various parameters of 
the global electric circuit within the fair 
weather regions outside thunderstorm areas, 
such as the vertical electric field E,, the verti- 
cal electric current density j z .  and the electic 
conductivity u. From Ohm’s law, we deter- 
mine the relationship 
and the electric potcritial @(z) between the 
surface at a height z0 above sea level and 
source height z is 
where 
I z  = c7 E ,  ( 1 )  
@(z) = 1%‘ E, dz = HJ (2) 
H = I*Z (ddo) (3) 
is the columnar resisimce between z,, and L, 
andJ is the average current density within 
the column. 
mospheric boundary layer is subject to con- 
siderable variation due to natural and man- 
made pollution. Often, what is measured on 
the ground is the local weather and/or man- 
made pollution. Only lrom ocean stations and 
from remote arctic and antarctic stations d o  
we expect to obtain data of the electric field 
(for example) that reflect tlie true global be- 
havior of the electric fair weather field. Air- 
plane (.\faritcon, 19GY ] or balloon measure- 
ments of the electric field outside the mixed 
layer (about I km above the ground) and, in 
particular, balloon measurements at strato- 
spheric heights at constant density levels 
[ f : d i w o i i h  r i  ol., i9ii4i appear to provide such 
“clean” behavior of E,. 
The  electric potential @(L)  can be measured 
with soundings from either balloons or air- 
craft up to heights near I O  kni (or above), 
from which we may derive the ionospheric 
potential @- = CD (L 4 3. At I O  km altitude. 
90% of this total potential has been reached. 
It depends on the properties of the sources- 
the thunderstorms-wlieilier 4)- or j G  = 
(1 )e,,,h#,, will truly rrllrrt tlir variahiliiv of the 
sources. l f  the thunderstorms are currents 
Now, the electric conductivity within the at- 
sources as suggested by most observations. 
then jG is expected to be proportional to 
these sources. However, if they are voltage 
sources, then CD, should be proportional to 
them. Solar activity may modulate not only 
the fair weather total colrininar resistance R 
[Hays and Ro6&, 19791 but also the resistance 
R ,  between the tropopause and the iono- 
sphere [Marhon, 1969; tlolzworth and M o m ,  
197961, and this may influence the eficiency 
of the sources that generate the global elec- 
tric circuit. Furthermore, most of’ these tech- 
niques are labor intensive (involving factors 
such as frequent airborne or balloon sound- 
ings to obtain @-), except, perhaps, for the 
long-duration balloon techniques. 
Remote Sensing of the Source 
Properties 
Cloud pictures from satellites provide im- 
mediate information about global storm activ- 
ity. Unfortunately, a unique method to dis- 
criminate between electrically active and inac- 
tive clouds does not exist. Lightning detectors 
aboard satellites give direct information about 
thunderstorm activity [Om’llc and Spcnccr, 
1979; Tunnan and Edgnr. 1982). However, at 
present no such satellite is in orbit or being 
built. Moreover, the ability to detect lightning 
from low earth orbit is limited by the orbit to 
only a small fraction of all strokes. Investiga- 
tions are under way to allow construction of 
geostationary satellites with instruments of 
much higher sensitivity. 
Ground-based measurements of thunder- 
storm activity use the electromagnetic pulses 
from return strokes (sferics) to locate active 
areas. Here it is possible to use a system of 
broadband receivers in the very low frequen- 
cy (VLF) and low-frequency (LF) ranges t~ 
locate lightning events by the direction find- 
ing method. Relatively simll base lengihs of 
(at most) a few huiitlred kilometers are neces- 
sary to pin down single return strokes with 
an accuracy of a few kilometers. This method 
is therefore useful on the continents. Howev- 
er, a great number of siniultaneously operat- 
ing stations are needed to cover largcr areas 
of a continent [e.g.9 Kridtr ct al., lYW]. 
have been developed in the VLF range [Vol- 
land rt al., 19831 arid in the VLFlextreniely 
low frequency (ELF) range [Taylor and Sao, 
1970). These techiiiques allow the location of 
active areas at distances iip to several thou- 
sand kilometers. f lowever. the accuracy of 
these methods is limited to at most - 10% in 
distance measurenients. Also, many sites 
would be required io cover the globe. 
The most promising technique for moni- 
toring the global variation of liglitnirig events 
appears to be the use of Scliuniaiin reso- 
nances. The earth-ionospheric spherical ca- 
pacitor llas a fuiidarnental cavity resonance 
(called tlie Scliuniann resonance) at about 7 
Eiz with a cavity Q = 2 or 3 [Polk, 19821. 
Lightning currents are responsible lor initiat- 
ing the cavity resonance. Since this is a global 
resonance ol the entire capacitor, even one 
site can yield useful global information on the 
sources. The measured power in the Schu- 
mann resonance lines is related to both the 
total global lightning current moinent arid 
tlie geometry that relates source and observer 
[Polk, 19821. Kcmp aridjoncs [ IY7lj showed 
that a siiiRle nie;~sirring site call lw usrtl  to 
determine the source-observer separation dis- 
Single-station techniques to locate lightning 
tance. a d P o l k  [ 19821 discussed the monitor- 
ing of worldwide thunderstorm intensity. 
The measurement apparatus consists of two 
horizontal magnetic field antennas and a ver- 
tical electric field antenna that are monitored 
in the 3-50-Hz range. Up to seven or eight 
harmonics of the fundamental can be seen 
with the most modern observing apparatus 
(D. Sentman, Institute for Geophysics and 
Planetary Physics, University of California, 
Los Angeles; personal communication, 1985). 
Nodal points within the earth-ionospheric ca- 
pacitor would require the use of more than 
one site, but we estinlate that as few as three 
well placed Schumann resonance sites could 
give both the total global lightning current 
moment and the general location information 
of the activity centers. These sites can be op- 
erated remotely, with little or no human in- 
teraction required. The  Schumann resonance 
technique could therefore be used to give a 
value that is directly related to the intensity 
of global lightning current. This could be a 
cost-effective, long-term alternative to the 
more labor intensive in situ techniques. 
Recommendations 
The necessity for simple, reproducible data 
that is continuously produced for a long rime 
span and that gives information about global 
geoelectric activity with at least some discrimi- 
nation of the sources eliminates immediately 
most of the possible methods outlined in the 
section above. Satellite-. balloon-, and aircraft- 
based measurements probably cannot be 
conducted routinely at several places on the 
earth without great expense. Of the ground- 
based measurements, only the multiple sta- 
tion techniques of lightning location and the 
Schumann resonance nieasurements are glob- 
al in nature and allow a certain discriniina- 
tion of local sources. 
In this case, the measurements of the Schu- 
niann resonances are one of the most promis- 
ing because they require the least data proc- 
essing and the lowest number of sites. They 
are highly reproducible and provide global 
coverage. On the other hand, they allow a 
separation between source effects and wave 
propagation effects, and also allow users to 
discriniiriate the location of sources at least 
on a medium scale. Their sensitivity to local 
sources is limited. Certainly, fewer than six 
stations appropriately located on the earth 
would be sufficient to produce data useful for 
a geoelectric index. However. although 
promising. the Schuniann resonance tech- 
nique is only one of several possibilities of 
varying cost and complexity. 
Conclusion 
Discussions are going on about the intro- 
duction of a geoelectric index that should 
serve the scientific community in a mannrr 
similar to that of the solar sunspot number or 
the various geomagnetic indices. There was a 
special session at the 1986 AGU Spring Meet- 
ing in Baltimore, Md., on the subject. Also. 
Division 2 of the International Association of 
Geomagnetism and Aeronomy has a Working 
Group on Middle Atmospheric Electrody- 
namics (MAE), chaired by R. Goldberg. which 
x t  up a subcommittee in Hamburg. Federal 
Republic of Germany, in 1983 to discuss the 
qriestion of a groelcctric iritlcx. 11. Vollanct 
(one of the authors of this paper) is the chair- 
man of this subcommittee. In this article, we 
have outlined some basic ideas, partly coining 
from discussions with this subcommittee and 
the AGU CASE (Comniittee on Atmospheric 
and Space Electricity) standing committee. 
We hope to obtain suggestions from a wider 
audience interested in the subject of atmo- 
spheric electricity so h a t  we-as a disci- 
pline-an proceed in reaching a final con- 
clusion. In our opinion, the answer to the 
question posed by the title is a resounding 
yes!-and the sooner the better. 
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This paper reports the first in-situ observation of variations in the electrical conductivity over thunderstorms a1 
26 kin altitude. The vector electric field. positive and negative polar conductivity, and optical lightning 
power/llash were measured by payloads on superpressure balloons in the southern hemisphere in early 1984. 
We find that in 72'76 of the thunderstorm periods observed (or in 23 of 32 periods) there were clear cases of con- 
ductivity variations while the balloons were over the thunderstorms. We present examples from two separate 
balloons at widely separated dates and locations showing both daytime and nighttime events. The conductivity 
measurements are made with the relaxation technique, and the vector tielcl measurements are based on the dou- 
ble Langmuir probe high-impedance method. We find that the positive and negative conductivity measurements 
vary independently and have a different temporal profile than the dc electric field. Ttie polar conductivity varia- 
tions can exceed a factor of 2 at this altitude. In seven of the nine most intense thunderstorm events the total 
conductivity incre;ised. while in  only one of these nine events did it decrease (one event had no change). Impli- 
cations of these observations for global current patterns are discussed. 
INTRODUCIION 
Stergis et a/.  I 1Y57) reported stratospheric conductivity meas- 
urements of less than 1 hour from each of three balloon Rights 
over Florida thunderstorms. Their conductivity measurements 
were indistinguishable from the conductivity on the sides of the 
storms. Subsequently, several researchers have made electrical 
measurements over thunderstorms Icf. Mozer.  197 1; Benbrook et 
nl.. 1974; Beririg et 01.. 1980; H o l z n w r h .  19811 which included 
no more than a hint thiit the electrical conductivity over thunder- 
storms might be iiffected by the presence of the storm itself. In 
this paper we report many cases of marked conductivity varia- 
tions over thunderstorms, in apparent contradiction to these ear- 
lier reports. We will show that in some cases the positive and 
negative polar conductivity at 26 km altitude vary independently 
by over a factor of 2. In this data set, such large variations are 
never seen except near thunderstorms. These observations have 
important implications for our understanding of local and global 
electric current flow from the thunderstorm source. All of the 
direct thunderstorm models [cf. Holzer and Saxon. 1952; Pork 
arid Dejrmkarinfrcr. 1973) as well as all the models of the large 
scale current systems associated with thunderstorms [e.g., Hays 
arid Rohle. 1979; Kaseniir. 1977; Hale. 1983; Makino and 
0 , ~ o u ~ a .  1985; Tzur and Rohle, 19851, use fair-weather conduc- 
tivity profiles above the storms to map the electric current driven 
by the thunderstorm to the global environment. The data 
presented herein add another variable to the problem so that one 
can no longer justifiably assume that all variations in global (or 
large scale) current systems are due to source variations (for 
example, number and location of worldwide thunderstorms). 
In this experiment. eight superpressure balloons were 
launched from Christchurch. New Zealand, in 1983 and 1984, 
which resulted in over 180 payload days of electrical parameter 
Copyright 1986 by the American Geophysical Union. 
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measurements. The Electrodynamics of the Middle Atmosphere 
experiment (EMA) was sponsored by the National Science 
Foundation and NASA and has been described by Holzworfh 
(19831. In our data set we have identified 23 thunderstorm or 
electrified cloud encounters wherein the conductivity at 26 km 
was different than the nearby fair weather conductivity. In this 
paper we will present two representative cases of different loca- 
tion, local time and month. The main points to he made 
include: ( I )  a demonstration that our payloads were indeed over 
thunderstorms; (2) proof that our instrumentation was operating 
properly (including a full  discussion of possible errors); (3) a 
demonstration that both polarities of polar conductivity did in 
fact vary by up to factors of 2 over these storms; and (4) a dis- 
cussion of some possible implications for models of global 
current flow. 
DATA SET 
The data to be presented in this report include vector electric 
Rcld measurcmcnts, positive and negative relaxation time con- 
stants (and therefore both polarities of polar conductivity), and the 
optical lightning flash rate and intensity. A simple description of 
the electric field and conductivity measurements in the EMA 
experiment was presented by Holzworfh ef al.. (19841 in a discus- 
sion on another topic. Orthogonal pairs of isolated, Aquadag- 
coated, spherical conductors were used to determine the vector 
electric lield using the double-Langmuir probe technique of 
Mozer and Serlin [I9691 and Holzworth [1977]. In this experi- 
ment the probes were 15-cm radius aluminum spheres with a 
capacitance of about 16 pF. Input impedances to the electronic 
circuits were measured to be highcr than 4 ~ 1 0 ' ~  ohms, and active 
control of shielding voltages eliminate< most Pxtra stray capari- 
tance [see Holzworth, 19771. The method provides a measure of 
the three components of electric field to an accuracy of about 1 
mV/m (horizontal components) and f15 mV/m for the vertical 
component. Both polarities of conductivity were measured by the 
relaxation time constant method. The relaxation time constant 
technique has been successfully used by many previous experi- 
menters to determine stratospheric conductivity [Mozer and Ser- 
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/in. 1969; Benhrook et a/ . ,  1974; Bering ef a/., 1980; Holzworth, 
1981; D'AiiRelo el a / ,  1982; Rosen ef al.. 1982 and Holzworrh et 
01.. 19851. Betibrook et a/. [ 19741 argued that the technique gives 
results "in excellent agreement with similar results reported by 
PalrridRe et a/ .  (19651" who used the Gerdien condenser tech- 
nique. In our experiment (r*) is determined by first biasing the 
upper and lower vertical conductors by + 2.4 and - 2.4 V respec- 
tively, and then floating the probes to determine the exponential 
time constant for return to ambient voltage (see Holzworth. 19811. 
Simultaneous data from each probe are separately least squares fit 
to an exponential function and used to determine the conductivity 
t~~,,,,~~, = (UT+ + I k ) ,  where E,, is the permittivity of free space. 
This calculation is performed by the on-board data system, and 
the results are telemetered with IO-min temporal resolution. 
Additionally, up to 24 times a day the actual high time resolution 
decay profiles from one polarity or the other (alternately) are 
telemetered, which allows careful checking to verify proper 
operation of the data system. 
The lightning flash rate was continuously monitored in the opti- 
cal spectrum by a Hewletpackard PIN photodiode. A simple 
threshold for transient rise time and amplitude is set, and the out- 
put feeds both a transient counter as well as a peak power detec- 
tor. Unfortunately, the daytime background light effectively 
raised the threshold to the point that we recorded only five day- 
time lightning flashes in the entire data set. However, in darkness 
the detector worked properly and will be used here only as sup- 
port for the conclusion, arrived at by looking at the vector electric 
field data, that the payloads were actually over thunderstorms. In 
addition to the flash count rate, the detector measured the peak 
optical power for the largest stroke in each IO-min interval. The 
power levels ranged from a threshold for counting of 5x10' W IO 
our highest level, which included everything over 1 . 2 ~ 1 0 ' ~  W. 
Figure I presents a typical. isolated. nighttime thunderstorm in 
which the vertical electric field obtains an inverted polarity (oppo- 
site to fair weather-direction) and. along with the horizontal com- 
ponent, exceeds a magnitude of a volt per meter. This magnitude 
is similar to the magnitudes over thunderstorms reported by 
Mazer [ 19711, Benhrook et ai. [ 19741, Bering et al. [ 19801, Holz- 
~ ' a r t h  [1981], and Holzworrh et a / .  [1985], but it is 2 orders of 
magnitude below that reported by Stergis et 01. [ 19571. In Figure 
I ,  both the positive and negative polar conductivities are seen to 
vary by over a factor of 2. Note that prior to 1300 UT and fol- 
lowing 1700 UT there are only minor conductivity fluctuations. 
A low level of apparently random conductivity fluctuations is 
always seen in fair weather, but the fluctuations rarely exceed 
30% of the mean in either component and then only in response to 
a geophysical event (such as these thunderstorms, or a solar pro- 
ton event). Thus large conductivity fluctuations such as those 
shown in the top two panels of Figure I are always uniquely asso- 
ciated with thunderstorms. 
In Figure I there are times when no data are available for the 
following reasons. The on-board computation of the least squares 
fit to determine the exponential time constant was not able to pro- 
cess data exceeding a digitizing window of lt5 V. Thus if the 
electric field was too high, the program would use incorrect data 
in the time constant determination. Since we also telemetered the 
vertical electric field on several gains, we are able to unambigu- 
ously remove these bad time constants. Also, if  the ambient verti- 
cal electric field produced a floating probe voltage within 100 mV 
of the bias voltage (f2.4 V), the exponential fit was inaccurate 
because of the finite size of the digitizing step, based on an eight- 
bit analog-to-digital converter. Therefore there are times when no 
data are available. 
The data in Figure I come from payload EMA 8 on February 
15, 1984, at 45.6"s. 150.8" E, and 26 km altitude. At the time of 
the thunderstorm in Figure I ,  the payload was in darkness. The 
optical Rash data are shown on the bottom panel. The instrument 
recorded 14 total flashes with peak power over our threshold with 
the maximum count in each IO-min period occurring at the same 
time as the peak in the vertical electric field. Furthermore. the 
peak intensity of any flash in each basic IO-min interval followed 
the same general pattern. with at least one flash with power above 
1.2~10'"  W (assuming it  was located on the ground at nadir) 
simultaneous with the vertical electric field peak (actually above 
our digitization window) at about 1440 UT (see third panel from 
bottom in Figure 1). Thus for this nighttime event we can unam- 
biguously say that the payload was indeed over a thunderstorm. 
Figure 2 is another example of a typical thunderstorm 
encounter, as viewed electrically from the stratosphere. The data 
in Figure 2 come from a daytime event (and hence include no 
lightning Rash data) from the payload EMA 6 at 44.7" S, 156.4' 
E. This storm occurred just after sunrise near the end of a very 
disturbed period extending back nearly 24 hours with multiple 
thunderstorm signatures. The event in Figure 2 was chosen to 
demonstrate the solution to some potential errors in this type of 
measurement. The data in Figure 2 are similar to those of Figure 
1 in that the electric fields undergo the same general variations. 
For the time period of this event, however, we have access to 
high-resolution time-decay (i.e.. relaxation time constant) data at 
the peak of the storm. Thus although the electric field exceeded 
the digitizing window amplitude, we have the actual data used by 
the on-board data system to calculate the exponential time con- 
stant. As in Figure I ,  any time constants determined by the on- 
board computer when the electric fields were too high have been 
eliminated, except in the two cases discussed below when we 
telemetered the actual decay profile. The conductivity measure- 
ments near 2100 UT (triangles in panels 1 and 2. Figure 2) come 
from the data presented in Figure 3. 
Figure 3 presents four time decay profiles. Each of the four 
curves shown in Figure 3 is the result of actively biasing the 
probes by 52.4 V and then letting them refloat. An exponential 
curve is then least squares fit to the data, resulting in a time con- 
stant determination which is inversely proportional to the polar 
conductivity. In Figure 3, the upper panel traces are from times 
just prior to the thunderstorm shown in Figure 2 (Le.. in otherwise 
fair weather), while profiles in the lower panel are taken just at 
the peak of one of the events in Figure 2 (see triangles). Note that 
while the on-board computer conducts both time constant meas- 
urements simultaneously every 10 min., the high-resolution data 
for only one polarity is available at a time because of telemetry 
limitations. Thus every IO min. along with the on-board- 
calculated exponential fits, only one of the actual decay profiles is 
added to the real time telemetry, which is then in turn only avail- 
able when the satellite is over the balloon, usually 12 to 18 times 
per day. The lower two panels arc the only real time data avail- 
able during thunderstorms when the conductivity was perturbed. 
In three other cases, real time delay profiles were available when 
the electric field indicated we were near a thunderstorm. but the 
times of those data did not correspond to the times of the conduc- 
tivity variations (and in fact those decay profiles agreed with the 
fair-weather values). In the lower panel of Figure 3 the vertical 
electric field was larger than the analog-to-digital (A-to-D) vol- 
tage window. (Note that the A-to-D maximum voltage of -5 to +5 
V and with the electronic gain of one-half the peak values of elec- 
tric field reported corresponds to an electric field of 6.67 V/m 
when divided by the 1.5-m boom length). 
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Fig. I .  Ten-rninutc avcragcs from R hours of stratospheric data at night near a thunderstorm. Positive and negative polar conduc- 
tivity using relaxation techiiiques are given in the top two panels. Veaical and horizontal electric lields indicate that a thunderstorm 
occurred bctwccn 1300 and 1650 UT. Optical flash counter indicates lightning at the peak of the storm. 
There are three important points to note about Figure 3. First, 
although the floating voltage of each probe is beyond the window 
maximum, it is still possible to evaluate the decay time constant 
by least squares fitting a function of the form V = a + her' to the 
voltage data V. where f is the time and a. b and c are constants 
determined by the fit. Thus only four data points in the decay 
curve are required to make this best fit (one more than the number 
of degrees of freedom), which determines both the exponential 
time constant t=l/c as well as the baseline voltage level a. Since 
more than the minimum four points are available in all cases 
shown, and the data are relatively smoothly varying. the fits have 
generally very good correlation coefficients (r2> 0.998 in all 
cases). Thus we not only deterniine the actual time constant at 
the peak of this event but also obtain a value for the dc electric 
field, which would not have been available without the high time 
resolution data. In other words, by determining the lcvel of the 
vertical field from the fit to the decay curve as above, we not only 
obtain a value for conductivity but also know that the instrument 
was in an electric field etivironment which (even though out of 
the data-digitizing window) woultl not harm the electronics. 
The second point to note about the decay curves in Figure 3 is 
that during the times of large fields, the probes collect ions of the 
opposite sign to ions collected during fair weather. These passive 
spherical probes do not emit any charge. We use simple passive 
conductors which allow ample time resolution for determining 
electric fields at these altitudes. where the conductivity is typi- 
cally a couple of orders of magnitude larger than at the earth's 
surface. Thus when a probe is allowed to float electrically, it col- 
lects charge of only one sign, depending on whether it was previ- 
ously biased positively or negatively with respect to the floating 
voltage. Nonnally, with fair-weather fields near 300-500 niV/m 
(see upper panel, Figure 3). biasing a probe by k2.4 V will result 
in ion collection of negative or positive' charge, respectively. 
However, in the case o f  the lower panel, the floating voltages are 
above (or below) the bias voltage and thus ions of the sign exactly 
opposite to the normal sign for that probe are collected. This 
point is taken into consideration in the plots of positive and nega- 
tive conductivity in Figure 2 (triangles). 
The third major point to be made from Figure 3 is that the 
decay time constants are in fact determined from clean data, 
which are not perturbed by lightning transients. A major potential 
criticism of the measurement of conductivity by the relaxation 
technique over thunderstorms is that lightning occurring in the 
midst of the decay time prolile could cause a non monotonic 
decay profile due to a voltage transient. In turn, that could cause 
conipletely erroneous interpretation of the least squares 
coefficient data if only the fit results were available. without the 
raw decay profiles. In fact, we have seen at least one example in 
which the decay prolile was disturbed by an apparent lightning 
transient (similar to those described by Holzwotrh [ 198 11. Holz- 
worth arid Chiu [ 19821 and H o l z w r f h  et a / .  [ 19851). Thus it  is 
possible that some of the conductivity variations presented in Fig- 
ures I arid 2 are affected by lightning transients, and it  is only in 
the cases such as shown in  Figures 2 and 3, when we actually 
have red time data that we can be sure this did not happen. On 
the other hand, we will argue that often the disturbed time 
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Fig. 2. As for Figure I (except that no optical flash data were available), from a different payload for a daytime thunderstorm. 
conductivity measurements are reasonably smoothly varying (e.g., 
near 1900 UT in Figure 2) over times of tens of minutes, which 
would be very difficult to explain as simply a series of misap- 
propriately placed lightning transients in an otherwise fair- 
weather conductivity medium. 
Some further points concerning error analysis are worth reprt- 
ing. In the first two payloads flown (EMA 1 and EMA 2) we used 
bias voltages of + 5.5 and - 5.5 V for the upper and lower spheres. 
We were worried that this might be too large a poteiitial 
difference to be certain we were still in the linear region of the 
current-voltage profile so we reduced the bias voltages in the last 
six flights to f2.4 V. As far as we can tell, this instrumental 
difference itself resulted in no change in the measured average 
fair-weather conductivity nieasurenietits. Thus at least up to a 
total potential difference of 5.5 V, the relaxation time constant 
measurement collects ions at a rate linearly dependent on the vol- 
tage (Le., we have not depleted the ambient ionic number density 
in the volume of air near the probe which would result in a 11011- 
linear current-to-voltage curve). 
In an effort IO see if  there were unknown payload effects per- 
turbing the conductivity time constants due for example to the 
probe geometry. we reversed the polarity of the bias voltages on 
different payloads so we did not always bias the upper vertical 
probe positively and the lower one negatively. Thus, both upper 
and lower probes were used to deteniiine both polarities of the 
conductivity at tintes during the series of flights. Again, we could 
find no differences in the conductivity due to this polarity altera- 
tion. This was true even in the case when two balloons were up 
and “nearby” (within 400 km) with oppositely biased conduc- 
tivity probes, but we found the fair-weather positive and negative 
conductivities were in complete agreement. We even radically 
modified one payload ground plane by introducing a large con- 
ducting cylinder around the entire payload, with no apparent 
effect on the measured fields or conductivity (indicating that the 
usual ground plane defined by rectangular plates on the four verti- 
cal faces of the payload was sufficient). 
With rcgard to the real time measurements of the conductivity 
decay time profiles shown in Figure 3, i t  should also be noted that 
we performed tits of the exponential function for nearly all the 
fair-weather data, with the result that the floating potential deter- 
mined by parameter u in the fit was very near the actual floating 
voltage. 
A potential criticism of the relaxation time constant method in 
general is that the ion density in the vicinity of the probe may be 
affected by an “electrode effect” (Isruel. 19711. When a con- 
ductor is biased with a voltage much different than that of the 
ambient air, ions with the sign of the biasing charge are repelled 
from the vicinity of the probe thus depleting the ion density of 
that sign. This can be a severe problem with this type of meas- 
urcment near the earth’s surface in fields of the order of 100 V/m 
and still air. We do not believe this is a problem in the strato- 
sphere on these balloons for the following reasons. First. there 
appears always to be a flow of fresh air in the vicinity of these 
balloon payloads. This has been detennined for these balloons in 
particular (Smalley, EMA Project Engineer, private 
communication. 1985) and for all superpressure balloons (Lully, 
19751 in general. This air flow comes from a fundamental, 
undamped balloon buoyancy oscillation with a period of about 3 
min and amplitude of f10-20 m (average) and f50 m (peak) (see 
also Mussnrun 19781). Also, in the vicinity of the balloon there 
is a thermal column of air rising in the day and subsiding at night 
which has a measured flow of about 30 cm/s. Thus it appears 
likely that at nearly all times there is a combined flow of air in the 
vicinity of the balloon payload of a few tens of centimeters per 
second. This is enough to eliminate the possible disturbance 
[/srael, 1971, p.2171. Furthermore. if the electrode effect were 
indeed a problem, one might expect to find a highly variable con- 
ductivity, which is not the case for these measurements or those 
referred to above by other authors. Finally, we note in this regard 
that several bias voltages were used in the experiment. Primarily, 
the f2.4 V level was used, but the prototype flights used f5.6 V, 
and an earlier test flight of the payload on a zero-pressure balloon 
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Fig. 3. Relaxation profiles (from biased voltage to floating voltage) to determine the conductivity (top) in fair weather and (bottom) 
over a thunderstom. The lower two curves produced the dab points indicated by triangles in Figure 2. 
performed a bias voltage sweep between -2.5 V and +2.5 V over 
10 s and found excellent linearity in conductivity determination. 
Thus we do not believe the electrode effect is a problem in the 
data reported in this paper. 
A statistical survey of thunderstorms which were seen in our 
data set during January and February 1984 (the peak occurrence 
period in the southern hemisphere) was performed. During this 
period our data set included 59 payload days from five payloads 
on mid-latitude balloons (36” to 55” S latitude). During tliat time 
only one case of conductivity variation in fair weather was 
identified which occurred on Feb 16. 1984, just after a solar flare. 
This variation is the subject of another paper. This data sample 
included 154 hours from 32 separate storm periods during which 
the dc electric ficld as seen by a payload indicated the unambigu- 
ous presence of a thunderstorm. These thunderstorm periods 
ranged from single-celled thunderstorms of I -hour duration to one 
period lasting over 12 hours with several identifiable cells. Of 
these 32 storm periods. all but nine (for a total of 72% of the 
cases) showed clear conductivity variations in at least one polar 
component at some time during the period. In all but the nine 
cases, at least one Occurrence of non-fair-weather conductivity 
(defined to be more than 30% above or below the nearby conduc- 
tivity on the sides of the storm) was measured. This is not as pre- 
cise a definition as one might prefer as the basis for a statistical 
survey, but we have no information (other than the on-board 
measurements of electric field and lightning flash rate) as to the 
exact balloon positions relative to the storms. Therefore it was felt 
that to define occurrence in terms of percentage of time rather 
than percentage of storm periods would be misleading in other 
ways. Of the nine cases with no obvious conductivity variations, 
six were shorter than 3 hours each. All together the nine “no 
effect” cases totaled 3 I hours of the 154 storm hours, about 20%. 
None of these storms was simultaneously observed by two pay- 
loads. 
During the January and February 1984 storm time data set dis- 
cussed above. we identified nine intense storms, arbitrarily 
defined as storms with electric fields having interted vertical 
polarity with magnitudes above 1.67 V/m as well as a horizontal 
magnitude exceeding 0.470 V/m. Of these nine intense storms, 
six had a clear total conductivity increase, one a possible (but 
small) increase (Le. one point), one showed no conductivity 
change, and one had a clear conductivity decrease. Thus in 78% 
of the intense storms a conductivity increase was apparent near 
the time of the height of the thunderstorm activity. These conduc- 
tivity variations did not seem to be correlated in detail with the 
electric field values. By this we mean that while the thunderstorm 
periods (with associated electric field changes) are indeed associ- 
ated with the conductivity variations, the maximum conductivity 
changes do  not correlate with the exact time of peak electric field. 
This is clearly seen in Figure I where the largest conductivity 
variation occurs at 1550 UT when the electric field is still clearly 
perturbed by the storm but is nowhere near the instrument satura- 
tion level, as it is near 1430 UT. 
DISCUSSION 
In the plots and data discussed above we have shown that 
there are titncs when the conductivity over thunderstorms is 
different from the nearby fair-weather conductivity by as much 
as a factor of 2 at 26 km. The sense of the variations in these 
limited statistics can be in either direction. so we are prevented 
from making a sweeping statement about the opening or closing 
of a conducting “valve” between the thunderstorm and the 
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upper atmosphere. However, the conductivity over thunder- 
storms is anything but spatially constant at the pair-weathcr 
value. As noted above, we have several examples of times when 
the conductivity perturbations were very slight, i f  they existed at 
all, but the electric ficld still showed the clear signature of a 
thunderstorm. Note that the clectric field measurenlents are a 
form of “remote scnsing” of the thunderstorm, but the canduc- 
tivity measurements are always in situ. Thus the lack of a one- 
to-one relationship between CT and E variations at 26 km does 
not mean that sometimes (J over the storm is not affected. We 
may just have missed it  because of spntial or temporal effects. 
This experimental result complicates the interpretation of Iiow 
electric currents, driven by potential differences developed inside 
thunderstorms, might couple to the upper atmosphere and iono- 
sphere. By this analysis we argue that an invalid assumption 
about the conductivity is made in most models which predict 
thunderstorm current flow. The assumption that the conductivity 
in the stratosphere is constant, independent of tlie presence of 
the thunderstorm itself. may be incorrect. 
We have considered several possible mechanisms to account 
for the observed conductivity variations but cannot point to one 
that is conclusively responsible. One possible cause which can 
be eliminated‘ is vertical balloon motion. Since the fair-weather 
conductivity has an exponential altitude dependence [cf. M o z e r .  
1971; Ho/;nwrth er a/.. 19851 any substantial vertical balloon 
motion would be visible in the conductivity. However, these 
superpressure balloons float on a constant density surface [Ldy , 
19751 and in this case were observed by radar to have less than 
100 m variability in a day [ l /o / znwt /r  et a/ . ,  1984J. Furtlier- 
more, onboard pressure sensors indicated no significant altitude 
variability during the times discussed here. Thus, balloon 
vertical motion cannot account for the observations. It is 
interesting to speculate as to why the earlier investigations did 
not show these effects. Primarily, all the previous balloons were 
of the zero-pressure type, which have little altitude stability. 
Many of the researchers (including this group) were familiar 
with observing conductivity changes due to altitude variations 
with amplitudes much larger than those reported herein. There- 
fore one might tend to overlook conductivity variations as small 
as 30%. Also, as seen in Figures I and 2, only a very few 
actual data points exceed the 50% (or factor of 2) level. Out of 
all our thunderstorm encounter time, the total data exceeding this 
level is at the 5% level. Thus the probability of having seen 
these types of variations in the total data sets of the earlier 
investigations is quite small, since all those Rights were very 
short compared to these superpressure balloon Rights. 
Speculation as to the possible mechanism for a conductivity 
variation over thunderstorms is probably premature at this time. 
We suggest only that more experiments using different tech- 
niques should be conducted. 
Independent of the detailed mechanism, it is interesting to ask 
what is the logical implication of a factor of 2 change in conduc- 
tivity over the thunderstorm? First, there is the obvious problem 
this implies for the assumption of spatial uniformity of the iso- 
!m$ rnnductivity. Thunderstorm dc currents might be “chaii- 
neled” in columns which are physically quite different I‘rom 
those inferred by simply assuming an exponentially increasing 
uniform conductivity. Of course, if the conductivity was a fac- 
tor of 2 higher or lower at all altitudes, the coupling to the iono- 
sphere would not be affected because only the scale height of 
the conductivity enters the problem 1c.f. Park and Dejnakur in-  
Ira, 19731. However, we do not believe this is a reasonable 
interpretation of our single height tneasurenients. The conduc- 
tivity over the storm is likely to be related to the proximity of 
the stornt itsclf. In this event the conductivity must eventually 
return to atiibictit values at somc other altitudes. This would 
result in an effective change in the scale height of the exponen- 
tially incrensing conductivity. Furthermore. the cffcct might be 
larger closer to the cloud in the very region in which the coluni- 
nar resistance per unit altitude to upward currcnt conduction is 
largest. In otlier words, changes in the conductivity between 
cloud top and our altitude of 26 km might play the role of a 
very sensitive controlling agent for coupling of the current from 
thunderstorms to the global circuit. It is possible that this effect 
could cotnpletcly mask a 10-30% effect on the electrical cou- 
pling to the global circuit due, for instance to cosmic ray varia- 
tions in the fair weather conductivity as discussed by Nayy mid 
Roble [ 19791. 
I t  is perhaps too speculative to spend niuch effort with 
detailed recitlculations of the coupling of thunderstornis to the 
upper atmosphere, based on our single-altitude measurcmcnts. 
Indeed, we do not know if the cffect is largcr above 26 kni or 
below. Thus we cannot calculate the effect on the total columnar 
resistance between cloud top and, say, the ionosphere. How- 
ever, we would like to point out that this effect is seen in the 
lower part of the circuit where the total resistance per columnar 
meter of altitude is likely to be much larger than at significantly 
higher altitudes where the conductivity is of course greatly 
increased. 
CONCLUSIONS 
We have studied electric field and conductivity data from 
eight separate balloon payloads in the stratosphere at 26 kin alti- 
tude and have found that the electric polar conductivities over 
thunderstorms, as detected by the relaxation technique, can be 
quite variable. In 78% of nine cases of particularly intense 
stomis, tlie total conductivity increased at some point over the 
storm. We have presented various arguments to show that our 
instruments were working and that we were actually over thun- 
derstorms. The implications for coupling between thunderstorms 
and the global environment can only be speculated upon but are 
argued to be quite important. These measurements introduce yet 
another variable to the problem of electric field coupling. This 
new effect could completely mask small variations in current 
flow thought by some to be important to the problcm of solar- 
terrestrial coupling. 
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Global Circuit Variability From Multiple 
Stratospheric Electrical Measurements 
KENT NORVILIE AND ROBERT HO~ZWORTII 
Space Sciences Divirion, Geophysics Program, University of Washingfon. Searile 
In this paper we havc examined the vcnical component of the electric field. conductivity. and the derived 
current dcnsity from cight superpressure balloons. Special emphasis was placed on the fair-wcather, simultanc- 
011s mcclsurcmcnts from widely spaced constant-altitude (26 km) balloons. 'Ihe conductivity measurements wcrc 
wcll organizcd by a simple ionization ratc parameterization dcpciiding on the geoniagnetic latitude. Ihc varia- 
bility of all the clcctriul parameters was found to be indcpentlcntof the balloon separation. Much of the timc the 
currcnt dcrisity measurements were within 20%. for simultaneous flights, even though the balloons wcre up to 
GOO0 km apart. Also, these simultaneous current dcnsity data show that the global c u m t  source was 
significantly variable on hourly and daily time scales. Finally. the usc of the simultaneous currcnt density data 
arc discusscd as a possible "geoelectric index." Advantages and limitations of such an index arc discussed. 
1. INTRODUC~ON 
In March 1983 and December 1983 through March 1984. 
cight superpressure balloons were launched from Chistchurch, 
New Zcaland. to measure the stratospheric vector electric field, 
polar conductivity. optical lightning flash rate, and vector mag- 
nctic ficld at an altitude of 26 km. These balloons were part of 
the Elcctrodynaniics of the Middlc Atmosphere (EMA) project 
[Holzworth. 19831. Thcse flights y ic ldd  over 4320 hours of 
data, resulting in onc of the largest stratospheric vector electric 
ficld data sets. In a preliminary analysis of the first two flights, 
Ifolzivorrh et 01. [ 19841 noted the simultaneous fair-weather vert- 
ical components of the electric Geld from both balloons wcre 
oftcn within 10% of each other. Also. he  diurnal mean ficld, 
from data avcragcd ovcr many days, was similar to, yet not 
exactly like. thc Camcgic curve. The main conclusion of Ilolz- 
worth et ul. 119841 was that there appeared to be a source varia- 
bility on timc scales fastcr tlian a diurnal basis. Thus the simple 
land-mass-thundcrstom cxplanation [cf. Whipple ond S c r r e .  
19361 for thc global circuit variability is not sufficient for for the 
global circuit variability is not surlicient for describing the daily 
fair-weather clcctric field. In this paper we extcnd and expand 
thc analysis of thc constant-altitude electric field and relaxation 
timc-constant (for conductivity) measurements for all eight 
flights. Data and cmor analysis, temporal and spatial variability 
of the vertical component of the electric licld. conductivity, and 
dcrivcd vertical component of the current density are considered. 
2. DATASIX 
The eight supcrpressure balloons accumulatcd ovcr 180 pay- 
load days of clcctric ficld and rclaxation time-constant data. Fig- 
ure 1 shows the trajcctories of the balloons about Ihe southern 
hemisphere. The first two flights. launchcd in March 1983. 
floated cast ovcr tlic Pacific Ocean toward South America, whilc 
flights 3 through 8. launcllcd from Dcccmbcr 1983 to February 
1984. hcadcd wcst past Australia. Most of thc balloons stayed 
betwecn -35" and -50" latitude. Howevcr. flight 3 spent many days 
in thc full sunlit polar rcgions (below -60' latitudc). The balloon 
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trajectories wcrc such that data are available for a full 360" of 
longitude, primarily from middle latitudes. There were liniitcd 
times when a few of the balloons did cross over land (souhem 
parU of Australia and South America). but the majority of the 
data are oceanic. The flight timcs of each balloon are displaycd in 
Figure 2. The white gaps we times when no data were available 
from the satcllite data collcction facility. The balloons typically 
stayed aloft 10-32 days at an altitude of 26 h. About 50% of the 
time there were two or more balloons simultaneously aloft. The 
separation of balloons ranged from 200 to 6500 km. 
This p a p a  will concentrate only on the constant-altitude data. 
Three balloons (3, 4. and 6) expcrienccd a loss of superpressure at 
night during part of their flights. Tiis loss of superpressure 
caused vertical motions easily identified by rapid changes in pres- 
sure, tcmpcrature. electric field, and conductivity. Therefore this 
study is limited to the remaining constant-altitude flights (1.2. 5. 
7. 8). The m o w s  on Figure 2 indicate when the loss of suprprcs- 
sure was first noted. This was not as rcskicting as it might 
appear, since heavy thunderstorm activity. especially during flight 
4. already limited the amount of simultaneous fair-weather data. 
The nomuperpressure data (altitude variation daa) will be con- 
sidered in later analysis. 
3. CoNDucnVrrv 
Conductivity was derived from measurcd timeconstants, using 
the "relaxation" method. This technique has been widely used in 
the past by many experimentcrs [Mozer und Serlin, 1969; Ben- 
brook et al.. 1974; Bering et d., 1980; Ilolzworth, 1981; 
D'Angelo et d.. 1982; Rosen et ~ l . ,  19821. and, most recently, by 
Holzworth et al. ( 1986). By biasing the uppcr and lower probes to 
an equal and opposite voltage (5.5 V for flights 1 and 2, and 2.4 V 
for flights 3 through 8). and then allowing the probcs to rerum to 
their floating value, the exponential relaxation time-constant T 
was determined. The probes were made of an "Aquadag" coated 
aluminum sphere which did not emit space charge; thus the time- 
constant measured was only for one sign of the charge carrier. 
The probes were each on booms, which were 1.5 m horn tliemain 
payload and 3 m from tip to tip. The main payload itself was hung 
on a ropc about 20 m below the superpressure balloon. If the bias 
voltage was larger (i.e.. more positive) than the floating probc 
voltage, negative charge was collected; if the bias voltage was 
less than the floating voltage, then positive charge Carriers were 
collected. The positive and negative time-constants were rnw- 
urcd simultaneously every 10 min. The sign of the bias voltage 
for each probe was switched between uppcr and lower probes on 
alternate balloons. In other words. if the upper probe was biased 
with +2.4 V on one payload, then on the next balloon launched, 
the upper probe was biased -2.4 V. Thus both uppcr and lower 
probes measured timeconstants of bolh charge carriers. Thc on- 
board data system fitted a lcast squares exponential cuwe to the 
decay data (Powell. 1983). from which a characteristic relaxation 
time T? was dctcrmincd. Both timeconstants and the actual 
high-resolution decay pmfi!? .la!= WPT", :e!zpd whcii ;\e ' k , s  
satellite passed ovcrhcad. Thc high time resolution data were 
then available for verifying proper instrument operation. From 
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the relaxation timc-constants, the polar conductivity is found to bc 
0, = Eo ( 1 4 )  (1) 
where o is the polar conductivi[y, is the permittivity of free 
space. and T is the measured relaxation timeconstant. nie total 
conductivity is the sum of the positive and negative polar conduc- 
tivikies. 
There was onc conductivity problem that has been diagnosed as 
an instrumental effect and eliminated from die data set. In all of 
the flights' conductivity measurements there was an apparent day- 
time increase that began about 3 hours after sunrise, peaked at 
local noon, and disappeared about 3 hours before sunset. This 
enhanccmcnt was not followcd by the electric field. Although die 
source of this enhancement was not known, sun sensors and die 
thermal housekeeping data on the balloon suggested that the con- 
ductivity enchancement was a function of the sun angle. 11 should 
be emphasized that at night the conductivity measurements were 
very stable and slowly varying. Also. the nighttime conductivities 
from different balloons wcre in excellent agreement. For this 
analysis the enhancement was removed by subtracting the day- 
time values from a smoothly varying fitted c w e .  The resulting 
values were then added to a least squares fit derived from the 
nighttime data. Only  the daytime conductivity values were 
affected, and the nighttime conductivity data remained untouched. 
This approach maintained most of the short-term variability of the 
daytime conductivity. which was important when the current den- 
sity was detcrmined (scc later discussion). Although this method 
docs put some uncertainity into the daytime values. the unccrtain- 
ity is less than that from a smoothed fit using only the nighttime 
data. Also, a smoothed fit would also affect the entire data set. 
Only for the magnetic latitudinal comparison (discussed later) 
were the data smoothed. since the short-term variability (less than 
an hour) was not under investigation. 
Figures 30 and 36 show 5 days of smoothed polar conductivity 
data from the March 1983 and December 1983 to February 1984 
flights. respcctively. In all flights the positive polar conductivities 
were larger than the negative polar conductivities. Other experi- 
menters have observed one polar conductivity to be larger than 
the other [Pallridge. 1965; Reifer. 1977; Gringel et al., 19861. 
The positive polar conductivities of flights 1 and 2. flown in 
March 1983. wcre about twice the negative values, while the posi- 
tive polar conductivities of flights 3 through 8. flown over 9 
months later, wcre only 10 to 20% larger. The magnitude of the 
negative polar conductivity was approximately the same for all 
flights. after accounting Cor die balloon's magnetic latitude 
(described later). The total conductivity was Ihc sum of  the two 
polar conductivities; typical values ranged from 3.8 x IO 6.0 
x 10-12s m-'. 
In a recent articlc. Holnvwth d d. [1986] examined in dctail 
the error analysis of the EMA (nighttime) conductivity measure- 
ments. Therefore we will only briefly discuss the measurements 
hem. To account for possible unknown gcomctq effects, thc sign 
of the hias vn!!age is s*:&Ax! &twccn iiic upper and iower 
probes every flight, as described previously. Thus each probe 
orientation was used to measured both positive and negative polar 
conductivity on alternating flights by using diffcrcnt bias voltagcs. 
Also. the ground plane geometry of flight 4 was radically altercd 
[we ffofzworth et al.. 19861 without my apparent change in the 
measurcd conductivity valucs. In cach of the two sets of flights. 
(J, was always grcatcr than (T- and thc values for each o (cidicr 
positive or negative) were approximately he  same (dtcr account- 
ing for the latitudinal variation). The difference in the positive 
polar conductivil) k twccn  the March 1983 and December 1983 
to March 1984 flights was not due to the difference in d a  bias 
voltage. We know tliis for a couple of reasons. First. thc timc- 
constant dctcrmincd as the voltage drops from 5.5 to 2.5 V is the 
same as that dctcrmincd from the data between 2.5 V and floating. 
Second. thc floating voltage oftcn changed (as near thunder- 
storms) without corresponding changes in the conductivity. As 
mentioned prcviously, it was the decay of he difference between 
the bias and floating voltagcs which dctcrmincd the time-constant. 
Although the bias voltage was lixed. the floating probe voltage 
changed in response to the cnvironmcntal potential gradient. 
Thus both sets of flights (1-2 and 3-8) at some time used the same 
bias-to-floating voltage difference to measure the positive time- 
constant and obtaincd results consistent with each set's time- 
constant measurements. In other words, the positive time- 
cons~ant rncasured by the first set of balloons was half that of the 
timeconstants measurcd by the second set of balloons, even 
though the bias-to-floating voltage difference used was the same. 
Also. h e r e  wcrc many times during each thunderstorm when 
large thunders~orm elcctric fields were observed at the balloon, 
thus producing bias-to-floating voltage differences much largcr 
than are seen in fair weather, with no corresponding change in 
conductivity (sce flofzworfh et al.. 19861. It then follows that the 
factor of 2 difference in the bias voltage between the March 1983 
and thc Dccembcr 1983 to February 1984 flights could not have 
accounted for the factor of 2 dilfcrence in the measured positive 
time-constants. We conclude that the differcnce in the positive 
conductivity betwcen the two scts of flights is real and not instru- 
mental. 
The long-term variability, of the order of days, in the total con- 
ductivity can be attributed to the balloon's geomagnetic latitude. 
as shown in Figure 4. The earth's magnetic field deflects the 
incoming cosmic rays, so only the most energetic galactic cosmic 
rays can penetrate the equatorial regions. The less-energetic 
cosmic rays c'an reach only the more polar magnetic latitudes. As 
a rcsulk the ionization rate toward the poles at any altitude is 
largcr than the equator. This has long been known [IfafakeyMla. 
1965; Heaps, 19781 and incorporated in models of the global cir- 
cuit [Nays and Roble, 1979; Makim and Ogawa, 19851. The con- 
ductivity. to first ordcr. is proportional to the square root of the 
ionization rate (Israel. 19711. The cosmic ray cutoff. and hcncc 
ionization rntc, can be parameterized by a sin'h dependencc 
[Ifcups. 19781. Thus die conductivity could be approximated by 
where A and B are constants. and A is he geomagnctic latitude. 
Certainly, the conductivity-ionization rate relation is much morc 
-5- 
complcx than dcscribcd above. but this paramctcnzation is 
sufficicnt for showing the clear latitudinal dcpcndence of the con- 
ductivity. The curves in Figure 4 are a lcast squares fit to (2) for 
each sct of balloons. The curves fit thc data rcasonably well (r = 
0.94 for flights 1 and 2; r = 0.97 for flights 5, 7, and 8). Thcre are 
two curves rclatcd to llie fact that flights 1-2 occurred 9 months 
before the sccond sct of flights and that they each sampled 
separate regions of the southcm hemisphcre (see Figurc 1). Thus 
the main variations in conductivity for any given flight are due to 
changes in the balloon's position with respect to geomagnetic lati- 
tude. 
4. VERIICAL CO~IPONENTOF~IE EUX~RIC FIELD 
The vector electric field was measurcd using the double- 
Languir-probe techniquc of Mozer and Serlin [ 1969) and Iiolz- 
warth [ 19771. One pair of probcs was oriented vertically along the 
rotation axis and the othcr two pairs wcre in the horizontal plane. 
These probcs were connected to high-impedance, ultra-low- 
leakage diffcrcntial electromctcrs. This method provides an accu- 
racy of 1 mV m-I for the horizontal components of the electric 
5eId and 15 mV m-I for the vertical component [ s a  Ifolzworth. 
19771. Thc electric field was sampled and averaged for each 10- 
min period by thc on-board data system. As with the conductivity 
measurements. high time resolution (54 sample rate) electric field 
measuremcnts were relayed. typically 18 times a day, depending 
on the number of satellite passes. for verification purposes. 
In fair wcathcr the vertical component of the electric field was 
a couple of orders of magnitude larger than the horizontal com- 
poncnt. In othcr words, the vcctor elcctric field was essentially 
vcrcical and pointing downward toward the ocean. Therefore we 
used the vertical component of the clcctric field E, in place of the 
vector electric field in this analysis. A correction to E, has been 
made for flights 3 through 8. Thcre was a small step function 
deaeasc (0.104 V m-I) in E, occurring at sunrise and ending at 
sunsct. The shift, possibly due to charging a VLF antenna (added 
to flights 3-8 only), was nearly constant every day for every flight 
affcctcd. Whcdicr this is a real variation or not has not been 
dctermincd. but since it was easily fit by a small step function (the 
same step function for all affected payloads) it has been removed 
from the elcctric field for this analysis. 
Figures 5a and 56 display the simultaneous E, values of flights 
1 and 2 and flights 7 and 8. respectively, for 5-day periods. Note 
that the polarity is negative, since the electric field is plotted 
rather than the potential gradicnt. Flights 1 and 2 are about 2000 
km apart, while flights 7 and 8 arc approximately 6000 km apart. 
The mean value for E, was about -0.5 V rn-l (positive being in the 
upward direction). Thunderstorm times for single flights are indi- 
catcd, and those data wcre removed. Thunderstom can generally 
be identified by a vertical component of the electric field of 
inverted polarity (from fair weather) and a 1-3 order of magnitude 
increase in the horizontal component of h e  elcclric field [see 
flofzworfh. 19811. Whcn the position of the balloon was com- 
pared to NOAA 7 polar day and night infrared cloud cover photo- 
graphs (avvailablc from die World Dam Center), thunderstorms. as 
identified by the mcasured electric field. did occur when thc 
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balloons p a s s 4  ovcr cold clouds (-30" C) as cxpccted. In Figure 
56 the wcurrcncc of a solar narc on February 16 (day 412), which 
cffcctcd flight 8 only, is indicated (by S.F.) and will be thc topic 
of anotlicr paper. 
One feature of Figurcs 50 and 56 is ha t  the vertical component 
of the electric field from the two widely spaccd balloons track 
each other very well. This would imply that the E, values meas- 
ured at both balloons during these times wcre influenced by the 
same large-scale current system. Since the balloon separation 
was up to 6000 km. it  may be reasonable to assume this large- 
scale current system variation was representative of the global cir- 
cuit. Thunderstorms account for much of the times when the two 
balloons' E, values did not agree. As mentioned before, these 
occurrences were easily idcntifiable in the data set [see Holzworfh 
etal.. 19861. However, there were a few times when the E, 
values did not agree (30% or greater difference) and could not be 
attributed directly to thundcrstom. Many of these times may be 
due to weakly clcctrificd clouds or otherwise greatly dilfcrcnt 
columnar resistances below the balloon [cf. Holzworrh. 19811. 
To compare the dcgrce of similarity between the vertical com- 
ponent of tlie fair-weather elcctric Geld of two balloons, histo- 
grams of the differcncc (in percent) between the 10-min averaged 
E, of flights 1-2 and of flights 7-8 are displayed, for 5 days, in 
Figures 60 and 7 4  rcspcctively. If the percentage is greater than 
zero, the magnitude of E, from flight 2 (or 8) is less than that of 
night 1 (or 7). The average difference. one standard deviation, 
and two standard dcviations. are indicated. An important feature 
of Figurcs 6n and 7 n  is that one standard deviation of these 
differences is about 12 percentage points for each data set. even 
though the separation of balloons 7 and 8 is 3 times that of bal- 
loons l and 2. This implics the degree of variability in E, was tlic 
same for both scts of balloons. We  assume that the variability 
between simultaneous E, measurements was due to changes in the 
columnar resistance in the troposphere below the balloon [cf. 
Israel. 1971; Dolezalek. 1972; Markson, 19851 and variations in 
the local conductivity. Another feature of Figures 5a and 56 is the 
high degree of variability in Ez on both the daily and short (few 
hours) time scalcs (as pointed out by Iiolnvorth et ul. [ 19841). In 
other words, the planetary-scale elecmc field can vary 
significantly from hour to hour and from day to day. This is more 
evident whcn thc fair-weather E, measurements for each day were 
averaged together. as in Figures 8a and 86. to produce a mean 
diurnal E, (1 -hour averaged). Since E, is negative in fair weather, 
increases in the magnitude of E, appear as minimums in Figure 8. 
The mean daily E, magnitude for flights 1 and 2, flown in March 
1983. has a single maximum about 1900 UT and a minimum at 
about 0600 UT (Figure 80). which looks similar to the Camegie 
data [lVhipple. 19291 (see also. Holnvorfh et d. [ 19841). How- 
ever, the daily average E, valucs can be considerably different 
from the mean. The mean diurnal variation lor flights 7 and 8 
(solid line in Figure 86) has dual maxima, at about 0900 UT and 
1900 UT. Tlicse dual diurnal peaks wcrc typical for the second sct 
of flights, which wcre flown in northern hemispherc winter 
(Dcccmber 1983 to Fcbruary 1984). Again. Ihic value of the fair- 
weather electric field on any given day can vary signiIicantly from 
-7- 
the mean elcctric field value. 
5.  Cm~~mDmsm 
The current dcnsity is Lhc product of the electric field and the 
scalar conductivity (J = 0 E). Thus the current density is a 
derived. not directly measured quantity. Since the vector clcctric 
field was predominately vertical and the conductivity was a scalar 
at balloon altitudes. the vector current density was also vertical 
and directcd downward toward the ocean. As for the case of the 
electric field we approximate the vector current density with the 
vertical componcnt of the current density (J,). The total average 
J ,  for all the balloons was -2.4 + 0.4 pA m-' and agrees with ollicr 
cunent density measurements [cf. Gringel und Muhleisen, 1977; 
Tunuka er al.. 19771. The value of die fair-weather current dcn- 
sity is determined by the columnar resistance and the earth- 
ionosphere potential drop. Since 90% of the total columnar resis- 
tance is below 12 lrrn [Israel. 19731. the variation of the upper 
part of the columnar resistance is small compared to &e variation 
in the lower atmosphere [Dolezalek. 1972). Also, many observers 
have noted that the fair-weather current density is essentially con- 
stant as a function of height [Gringeland Muhleisen. 19771. 
Therefore the fair-weather current density should be insensitive to 
changes in die conductivity at balloon altitudes. The electric field 
measured at the balloon depends on the current density and the 
local conductivity [Gringel ef id.. 19861. 
As with E,, a percent difference histogram of J ,  for each set of 
simultaneous measuremenm is displayed in Figures 6c and 7c. 
along with histograms of the conductivity (Figures 66 and 76) and 
E, (Figures 6a and 70). From these histograms several poinls can 
be made. First, the standard deviation for J,  and conductivity are 
less than the standard deviation for E,. In other words, the sourcc 
for the conductivity and current density vary independently. 
resulting in an inmased variability in the elccmc field. Further- 
more, the standard deviations of each electrical parameter was 
about the same for bo& sek of balloons. As mentioned bcforc. 
this implies that the variability of each parameter is the same, 
even though the balloon separation of flights 7 and 8 is 3 times 
that of flights 1 and 2. This similarity in the variability was con- 
sistent with the fact h a t  all of the data in this analysis are oceanic. 
The oceanic data are generally pcrturbed the least by local effects 
and are the bcst for sccing Qie global variations [Israel. 1973; 
Markson. 19851. Much of he  time. the fair-weather 1, at the bal- 
loons is within 20% of each other. Both balloons measured the 
same large-scale current system, so the percent difference plots 
(Figures 6 and 7) eliminated most of the diurnal source variability 
(seen in Figures 84 and 86). The variability shown in Figures 6 
and 7 was probably due predominantly to the difference in colum- 
nar resistances bclow the respective balloons. O v a  land a larger 
standard deviation would be expected as a result of dust laycrs. 
fog and haze. and pollution [cf. Israel, 1973; Gringelef ul., 
19861. which would introduce more variation into the lower tro- 
pospheric conductivity and currcnt density. Next. the average 
peicei-1; diffeimice of L\C wtiriicuviiy agrees w i h  the baiioon's 
relative magnetic latitude. as dcscribcd carlicr. Balloon 2 (8) is 
more poleward. so that the conductivity measurement is largcr. A 
-8 - 
search for the latitudinal variation of E, and J,. similar to that 
done above on the conductivity (Figure 4). did not find a 
significant dcpendence. bccausc E, and J ,  vary significantly from 
day to day bccausc of the variability of thc source. Thus we can- 
not make any conclusions about the latitudinal behavior of E, and 
J ,  from this data sct. Howevcr. the pcrcent differcnce histograms 
of J,  indicate. on the average. the more poleward balloon meas- 
urcd a larger currcnt dcnsity. which is consistent with olhcr obscr- 
vations [Israel, 19731. 
6. SIMULTANEOUS MEASUREMENTS AS A GEOELECIRIC 
WDEX 
Recently. Ilolzworlh and Volland [ 19861 discussed the useful- 
ness of a geoelectric index. This index. similar in utility to the 
sunspot number and the magnetic K index, would be a measure of 
the global elecmc activity in the lower atmosphere. Holzworth 
and Volland's criteria for a useful gcoelectric index could be sum- 
marized as being (1) simple to derive, (2) long in temporal length, 
and (3) reproducible from alternate data sets. 
For in situ mcasurements. IIolzworth and V o l l d  [ 19861 sug- 
gested that either the electric potential 0 or the global current 
density Jg would be the relcvant index parameter, depending on 
whether thundcrstorms behave as voltage or current gencrators. 
Prescntly, rlicrc is not cnough information on thunderstorm 
processes to determine which type of generator description is 
more appropriate. Many expcrimenters prefer using the ionos- 
pheric electric potential as an indicator of thc global process [see 
Markcon, 19851. However, most methods for measuring the elec- 
tric potential, employing airplanes and/or sounding balloons. are 
extremely labor intensive. and resulting data sets tend to be short. 
Thus only a nominal, low temporal resolution geoelectric index 
could be created. On the other hand, the superpressure balloon 
technique salisfics the first two points of Holzworth and Volland's 
criteria (simplicity and long temporal length) probably better than 
any other airborne method (such as sounding balloons or air- 
planes). Note that supcrprcssure balloons af a slightly lower alti- 
tude have lasted for over 1 year [Olivero et al.. 19841. Even at 26 
km. superpressure balloons have been flown for 100 days or more 
(V. Lally. personal communication, 1985). so there is the poten- 
tial for much larger data sets in the future. Once launched, the 
balloon data and location are easily monitored with satellites. 
With this in mind it is possible that the measurements from the 
superpressure balloons. such as those described here, can be used 
as an in situ geoelectric index. Since a sounding of electrical 
parameters from the ground up is needed for determining the 
absolute electric potential, constant-altitude balloon measure- 
ments are limited to he in situ elechic field, current density. and 
conductivity measurements. How good are the current dmsity 
data as a global process indicator? If the variability of he colum- 
nar resistance below the balloon is small and thcre were no local 
generators. then the measurcd current density should be propor- 
tional to 0. In addition, if h e  distribution of the global resistance 
were also c o n s m ~ .  thcn the mcsured fair-weather current density 
would bc proportional to Jr In either case. if the columnar resis- 
tance below the bdloon was nearly constant and there were no 
local gcncrators, h c  dcrivcd current density data would be pro- 
portional to one or the relevant index parametcrs. In our case, all 
of the data analyzcd wcre Oceanic. Oceanic data me gcncrally 
perturbed thc Icast by local effects and are the best for sccing h e  
global variations [Israel. 19731. Also, the supcrprcssure balloons 
floated well above the planetmy boundary layer (PBL), so PRL- 
relatcd problems at the balloon, such as turbulence and pollution, 
are not important. Assuming the daily variation in the columnar 
resistance was small, we would expcct the current density derived 
from the fair-weather oceanic balloon measurements would be 
globally representative. 
It is not possible. exccpt in Ihe case of a thundcrstorm, to dcter- 
mine if the mcasurcmcnts at a single balloon wcre locally pcr- 
turbcd. However. by comparing measurements from several 
widely spaced balloons, it should be possible to determine which 
mcasurements wcrc so pcrturbcd. In othcr words. measuremcnts 
related to the global variations should have similar values and 
measurements aflcctcd by local phcnomcna should be different. 
Thus we usc the critcria that the difference between the simul- 
taneous measurements must be within two standard deviations 
(about 20%). as described above, in order to be considered glo- 
bally representative. "his 20% (maximum) variation in the raw 
10-min average measurements maybe due to variations in the 
local columnar resistance or any othcr weakly pcrturbing 
influence. It is unlikely that only two simultaneous measuremcnts 
are sufficient for a completely reliable average. so some addi- 
tional temporal averaging, of the order of a few hours, would be 
needed in this data set. 
A geoeleclric index could be easily c o n s ~ c t e d  from these 
current density measurcrncnts. First, simultaneous data, within 
two standard deviations. from each day are averaged together to 
produce a mcan diurnal global current dcnsity (J-) curve. This 
J- would be equivalcnt to a 1-day Carnegie curve and 
represents the mcan daily variation of the global circuit. 
Specifically, the J-  curve can be statcd as 
where JR(t) = < J,(I) >MI-, for which only data with I J,' - J: I 
< 0.2*< J,(I) > are used. that is. only data within two standard 
deviations. 
Since evidcnce suggest that the shape of the average global cir- 
cuit curve varics seasonally [Whippfe. 1929; Ogmu. 19691, a new 
J h m  curve should bc created at least seasonally for long-term 
data sets. The gcwlccmc index is then made by subtracting J ~ ( w  
from JR for each day and then normalizing (dividing by die aver- 
age current dcnsity for the cntirc data sct). Mathematically, this 
can bc symbolized as 
Ja(0  - JmO) 
c J,  > 
gcoclcctric index = (4) 
where I&) is the representative c ~ ~ ~ c n t  density as defincd above 
and < I ,  > is h e  average current density ( < J , >  = 
$ i+JJ , ( r )dr ,  whcre N is the number of balloons for the 
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interval 73. We uscd a value of -2.4 pA m-' for the average 
current density. The subtraction of Jm removes the average 
"expected" daily variation from the index. The index is h e n  
averaged for a 3-hour time resolution (similar to Kp magnctic 
index). Times whcn the index is higher than the mean may bc 
caused by an increase in the global source currenk an increase in 
the global columnm resistance (assuming the source current 
remains unaffected). or both. Likewise, a decrease in the global 
source current and/or global resistance from the mean would 
cause the index to become negative. Figures 9a and 96 show the 
3-hour averaged geoelectric indexes with uncertainties for the two 
sets of data. A value of 1 .O ( -1 .O ) would mean the global current 
density is 100% higher (lower) in magnitude than the expected 
average value at that time. The gaps in the index are due to times 
when either there were no data or when the two balloons meas- 
ured current dcnsities different by more than 0.2 *c 1, >. The un- 
certainty was determined by the number of data points per 3-hour 
averaging slot (always three or more) and the amount of relative 
scatter. The average uncertainty is about fO.l. The indcx for 
flights 1 and 2 (Figure 90) shows a decrease in the fint day or so. 
then fluctuates about the mean for a b u t  a week, and then in- 
creases suddenly. The sudden decrease near hour 320 appears to 
be real. The index of flights 7 and 8 (Figure 96) shows higher 
than mean values for the first 3 days and low values for the last 3 
days. Besides a general daily trend. these indexes show there can 
be significant source variability of the order of a few hours. This 
supports the preliminary findings on  the first set of data by 
IIofnvorfh et al. [ 1984). Although the data were purely from the 
southern hemisphere. the evidence suggests the data may be glo- 
bally representative. since thc separation of the balloons was 
clearly of a global scale (6OOO km separation for balloons 7 and 
8). This is not unreasonable if the ionosphere is approximately an 
equipotential surface. 
A disadvantage of this index is that it can only provide infor- 
mation on the relative changes in strength of the sources. This in- 
dex indicates when sources were more "active." Howevcr, it can 
not give information on location and strength of any individual 
SOUlce. 
Finally, this geoelcctric indcx appears to show he variability of 
the global circuit. Are the variations seen in our geoelcctric 
indexes reproducible in other data sets? Presently, this is h e  out- 
standing question. At this time we have not sufficiently deter- 
mined if h i s  index is indeed a good representative of the global 
electrical environment because of the lack of comparative data 
sets. We offer our indexes for just that purpose. 
7. CONCLUSIONS 
In this paper we have examined the conductivity. vertical com- 
ponent of the electric ficld, and vertical component of the current 
density. Special emphasis was placed on the constant-altitude. 
simultaneous nieasiircments from widely spaced balloons. The 
results of our analysis show that the conductivity was nicely 
described by a simple ionization-rate parameterization depcnding 
on the geomagnetic latitude. The variability of all the declrical 
parameters. as parameterized by the standard deviation of the 
4 
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difference bctwccn two simullancous measurements. wcrc in- 
dcpcndent of the balloons' separation. Perhaps one of die most 
important results was that the current dcnsitics dcrivcd rrom 
simultaneous balloon measurements were within 20% much of 
the h e .  cvcn diough the balloons were up to 6000 km apart. 
This implies that the measurements at both balloons were prob- 
ably globally rcprcscntative and not iniluenccd by local genera- 
tors. Thus simultancous balloon measurements of this type could 
be used to delcnninc characteristics of the global circuit. These 
current density mcasurcments already indicate the global current 
source is significantly variable on a daily and few-hour time 
scales. Finally, we examincd thc advantages and limitations of 
using the simultaneous current density values as a possible 
geoelectric index. as proposed by tlolnvorth and Volland [ 19861. 
Even though this indcx can not make any determination on the lo- 
cation and stkngth of any one source, these simultvleous meas- 
urements provide a simple, easy to produce. long-term estimate of 
the global clectric environment. However, the reproducibility of 
such an hdcx  in other data sets remains unproven at this time. 
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Fig. 1. Trajcctorics of the two SCLS of EMA balloons a b u t  the soulhcrn hcmisphcrc. 
Fig. 2. Flight timcs of the two sets of EMA balloons. Arrows indicate whcn thc loss of supcrprcssurc was first notcd. Whitc gaps 
indicate timcs when no dam werc available from the satellite data collcclion facility. 
Fig. 3. (0)  Positivc and ncgative polar conductivity of flight 1 for 5 days. 
(6) Positive and negative polar conductivity of flight 7 for 5 days. 
Fig. 4. 
(A + B 
Ma nctic 
sin 41112. 
latitude vene cmductivity for payloads 1, 2. 5. 7. and 8. The lines represent a least squarcs 61 to 
Fig. 50. Simul~anecus constant-altitude vertical elecvic fields of flights 1 and 2 lor 5 days. 
Fig. 56. Simultancous constant-altitude vertical electric fields of flights 7 and 8 for 5 days. S.P. designates the occurrencc of a 
solar flare on day 412. which effccled flight 8 only. 
Fig. 6. llistograms of the dilfcrrnce (in perccnt) for the simultaneous measurcmcnts of the vcrtical componcnt of the electric ficld. 
conductivity. and derived vertical c o m ~ t  of he current density from flights 1-2 . Lines show the average differcnce and onc 
and two standard deviations marks. wi 
Fig. 7. Same as Figure 6 for flights 7 and 8. 
Fig. En. The simultaneous fair-weather E, of flights 1 and 2. with the 3-hour avcragcd E, (solid line). 
Fig. 86. The simultaneous fair-weather E, of flights 7 and 8. with the 3-hour avcragcd E, (solid line). 
Fig. 90. The gco-decuic index, with uncertainty derived from the simultaneous J ,  mcasurements of flights 1 and 2 
Fig. 96. The gco-clcclric index, with uncetiainty derived from the simultaneous J,  measurements of flights 7 and 8. 
Z as h e  symbol for the smdard deviation. 
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